Abstract. Whether to develop inbred cultivars or F 1 hybrids is a dilemma faced by many rice (Oryza sativa L.) breeders. This could be partially answered if one could select superior recombinant inbred lines with an equal yielding ability and good quality traits from commercial F 1 hybrids. Thus, it was attempted in this study to select superior inbred lines from 2 commercial F 1 hybrids after application of honeycomb selection and panicle-to-row selection. The 2 F 2 populations were advanced to F 6 generation by both methods and, finally, 5 F 5:6 lines with high yield potential and good grain quality were selected from each population and selection method and were tested in a randomised complete block design for 2 years in Kalochori, Thessaloniki, Greece. In each case the respective F 1 hybrid and the cultivar Strymonas were used as checks. Fourteen of the 20 lines selected by honeycomb selection and panicle-to-row selection from both populations exhibited a yielding ability that was not significantly different from the yield of the F 1 hybrids in both years. Three of them, however, in 1 of the 2 years, had a significantly higher grain yield than the corresponding F 1 hybrid. In addition, 6 of the above lines exhibited significantly higher values for more than 1 of the 4 quality traits (total milling yield, grain vitreosity, grain length, and grain length/width ratio) and they were not inferior for the remaining ones. It was concluded that application of combined selection for yield and quality could lead to the isolation of recombinant inbred lines with equal yielding ability and quality equal to or higher than the F 1 hybrids. This, together with the higher cost associated with hybrid technology, indicates that the long-term goal of a rice-breeding program should be the production of superior inbred lines, unless hybrid production cost is low and quality is not critical for the particular market.
Introduction
Ever since heterosis in rice was first reported by Jones in 1926 , the presence of heterosis for yield and yield components has been reported by many rice workers. To be of practical value, however, F 1 hybrids should yield at least 20% more than the best inbreds (Virmani et al. 1982) . Intensive hybrid breeding programs applied in China and the International Rice Research Institute during the last 30 years resulted in the development of hybrids with an average yield advantage of about 15% over the best inbred cultivars (Patnaik et al. 1990; Yuan 1994; Peng et al. 1999) . In China, such hybrids have come to occupy more than 50% of the total area under rice since 1976 .
However, it is reasonable to question whether the production of F 1 hybrids in a self-pollinating crop like rice is scientifically more sound and economically more feasible than the production of inbred lines. Fasoulas (1993) , in an attempt to identify the breeding goal (inbred lines v. hybrids) of various crops, stated that plant breeders have 2 alternative approaches for the production of monogenotypic cultivars. One is to eliminate deleterious genes by continuous selfpollination and selection, and the other to block their defective action by means of heterozygosity. The first alternative leads to the development of inbred lines that have the lowest load of deleterious genes and breed true when they are reproduced by self-pollination. Inbred lines carry a smaller load of deleterious genes, which is revealed in the generation following selfing of the F 1 hybrids, and is usually estimated indirectly by measuring inbreeding depression. Thus, Fasoulas (1993) suggested that in the self-pollinated crops with a low load of deleterious genes, inbred vigour may become more advantageous than hybrid vigour. This, together with the findings that in almost every study of selfpollinated crops, homozygous lines have been developed that equal or surpass the F 1 (Matzinger 1963) , and the prediction made by Kearsey and Pooni (1992) that, in the future, inbreds may outyield current hybrids whether the species is normally inbreeding or outbreeding, indicate that in a self-pollinated crop with a low load of deleterious genes the breeding goal should be inbred lines and not hybrids.
Rice is a self-pollinated crop with very limited outcrossing (Chandraratna 1964) . This, together with the finding that heterosis in rice is mainly due to dominance and partial dominance (Xiao et al. 1995) , indicates that heterosis should be fixable. If this is the case, then one should expect the isolation of inbred lines from F 1 hybrids with equally high yielding ability compared to the F 1 hybrids.
This study was undertaken to find out whether inbred lines with equally good yielding ability and quality traits could be isolated from 2 F 1 commercial hybrids after application of combined selection for yield and 4 quality traits.
Materials and methods
Two commercial F 1 hybrids, GW 1992 and GW 2002, maintained by Golden West Seed Co., Inc., Oregon, were imported to Greece in 1988. These hybrids were cultivated by rice growers in a 20-ha area, in the delta of the Axios River 25 km away from Thessaloniki. Their grain yield and seed price were 15-20% greater and 12 times higher than those of the Greek and Italian cultivars of that time. They had also shown very good adaptation in the field and high resistance to diseases or insects. According to the Commission Regulation (EC) No. 3406 (1993) and Council Regulation (EEC) No. 3877 (1987) the above F 1 hybrids were classified in the Japonica type. It is believed, however, that these hybrids resulted from crosses of Japonica x Indica lines. Unfortunately, their parents are unknown.
The F 2 generation of each of the above 2 rice hybrids was advanced to the F 6 generation with combined selection for yield and 4 quality traits by the honeycomb selection (HCS) method and by panicle-to-row selection (PRS).
Honeycomb selection method
In 1989, 1607 F 2 plants from GW 1992 and 963 F 2 plants from GW 2002 were grown in 2 unreplicated blocks with 1 check (UNR-1) in a honeycomb design. The plant-to-plant spacing was 100 cm. Seed yield was determined individually for each plant. A particular plant was selected if its yield exceeded the yield of the remaining plants within the grid (5.3% selection pressure in the GW 1992 population and 14.3% in the GW 2002 population). Thus, 79 F 2 plants were selected from GW 1992 and 113 F 2 plants from GW 2002. These plants were further evaluated for 4 quality traits: total milling yield, grain vitreosity, grain length, and grain length/width ratio. Twenty-eight F 2 plants from each cross were advanced to the F 3 generation based on high yield and acceptable quality. The F 3 progenies of the 28 F 2 plants were planted separately for each cross as F 2:3 families (progenies of each F 2 plant in 1 entry) together with a cheek (Strymonas in 3 entries) in 2 replicated (R-31) honeycomb designs (1 per population) with 31 replications. Selection in the F 3 was conducted according to the procedures used in the F 2 , except that selection pressure applied in both F 3 populations was 14.3%. Selection pressure in the F 4 and F 5 generations was 5.3% in both populations. Finally, the best 5 F 5:6 lines, based on yield and quality traits, were selected from each population for further evaluation.
Panicle-to-row selection method
From each honeycomb design of the F 2 populations, 1 panicle per selected plant was collected, and seeds were planted in a single 1.0 m by 0.4 m row. Thus, 1567 F 2:3 families were seeded from population GW 1992 and 810 from GW 2002. In all generations, negative selection was applied for late maturity, disease susceptibility, and long awns.
From each of the remaining rows, seeds from 1 main-stem panicle from the middle of the row were collected and seeded in a row the following year. As a result, 1333 F 3:4 families were grown from GW 1992 and 673 from GW 2002. In the F 5 generation, the number of families was reduced to 892 in GW 1992 and 568 in GW 2002, and for every 10 rows, a row of the check 'Strymonas' was seeded. Yield of each family was expressed as a percent of a moving average. Finally, 15% of the rows with the highest yield (compared with the moving average) from each population were selected and advanced to the next generation. Thus, in the F 6 generation, 135 F 5:6 families from GW 1992 and 85 from GW 2002 were seeded and evaluated as in the F 5 generation described above. Families that exceeded the yield of the moving average by at least 10% were selected. Thus, 40 F 6 families were selected from GW 1992 and 23 F 6 families from GW 2002. These families were further evaluated for quality traits. From each population, the best 5 F 5:6 lines with high yield potential and good quality traits were selected for further evaluation.
Details of the experiments and the selection methods applied have been described by Ntanos and Roupakias (2001) .
Two field experiments (1 per population) were carried out for 2 years (1994 and 1995) at the Experimental Station of the Cereal Institute in Kalochori, Thessaloniki (40°33'N, 23°00'E; 0 m alt.). The soil was silty loam (Aquic Xerofluvents) with a pH of 7.5 and 1.6% organic matter. Each experiment included the best 5 lines selected with each selection method, the respective F 1 hybrid (GW 1992 or GW 2002 , and the cultivar Strymonas as check. The design was a randomized complete block with 4 replications. Rice was seeded directly in the soil by hand at a rate of 5 g/m in plots of 6 rows, 4 m long and 25 cm apart. The 2 external rows of each plot were not harvested. Yield, total milling yield, grain vitreosity, grain length, and grain width were measured, and the grain length/width ratio was computed.
Standard water management practices used in Greece were applied. The field was flooded one day before sowing and the depth of the water was maintained between 5 and 10 cm until rice grains reached physiological maturity. The field was fertilised with 150 kg N/ha in 3 increments, and 75 kg P 2 O 5 /ha and 75 kg K 2 O/ha applied by handbroadcasting to individual plots. The first 55 kg/ha of N and the whole amount of phosphorus and potassium were applied before sowing. The second increment of N (60 kg/ha) was applied when rice was at the tillering stage and the third increment (35 kg/ha) prior to panicle initiation. The mean final plant density achieved over years was 160 plants per m 2 . The plots were kept free from unwanted weeds by handhoeing as necessary. Fungicides and insecticides were not needed. Generally, the trial conditions were typical of those used commercially.
All measurements of the quality traits were carried out on grains with a moisture content of 140 g/kg. The total milling yield (head and broken rice) was estimated from 2 samples (100 g) of cleaned rough rice from the selected lines. The samples were hulled by a mill of Olmia type and their milling yield was determined according to the standard procedure for rice grading. The grain vitreosity was estimated on 2 samples of 50 milled grains. For this, the grains were placed on a glassy table lit with a 60 W electric lamp. Grains with short spots of pearl were considered as chalky. The traits were expressed in percent. The grain length and width were measured from 2 random samples of 50 milled grains each with a micrometer, and the length/width ratio was calculated.
Orthogonal comparisons were used to compare each of the 2 F 1 hybrids with the respective best lines selected by each selection method (Steel and Torrie 1980) .
Results and discussion
Significant differences among the selected lines and the F 1 hybrid were observed in both populations for all the traits studied (Table 1) . More precisely, the mean comparisons 4 of the population GW 2002) for 3 or 2 of the 4 quality traits. Significant differences for grain yield and total milling yield were also observed from year to year in both populations and for grain vitreosity and grain length in population GW 1992 and GW 2002, respectively. In addition, the year x selected lines interaction was significant for all the traits in both populations (Table 1) . This interaction could be due to the higher minimum temperatures that prevailed during the flowering and ripening stage of the plants in 1994 as compared with 1995.
In population GW 1992 (Table 2) , 2 HCS lines (Nos 2 and 5) and 1 PRS line (No. 3) had significantly higher grain yield than the F 1 hybrid in 1 of the 2 years (HCS No. 5 and PRS No. 3 in 1994, and HCS No. 2 in 1995) , whereas they In addition, 1 HCS line (No. 1) and 1 PRS line (No. 5) exhibited a higher grain yielding ability than the F 1 hybrid in both years, but this difference was not significant. Furthermore, in 2 HCS lines (Nos 3 and 4) and 2 PRS lines (Nos 1 and 2), although their yield was not significantly different from that observed in the F 1 hybrid, they tended to yield less than the hybrid in either one or in both years. Finally, the F 1 hybrid outyielded significantly the check cultivar Strymonas (13.5% in 1994 and 15.2% in 1995) ( Table 2 ). In population GW 2002 (Table 3) , 4 HCS lines (Nos 2, 3, 4, and 5) and 2 PRS lines (Nos 1 and 2) had a similar grain yield to the corresponding F 1 hybrid in both years. Furthermore, 1 HCS line (No. 1) and 2 PRS lines (Nos 3 and 4) had similar grain yielding ability to the F 1 hybrid in 1 year but significantly lower than the hybrid in the other one. Only 1 PRS line, namely No. 5, had a significantly lower grain yield than the F 1 hybrid in both years. Finally, the F 1 hybrid significantly outyielded the check cultivar Strymonas (24.5% in 1994 and 20.9% in 1995) (Table 3) .
It is obvious, therefore, that 6 of the 10 lines of the population G W 1992 and 8 of the 10 lines of the population GW 2002 selected by HCS and PRS, exhibited a grain yielding ability that was not significantly different from the yield of the F 1 hybrids in both years. Two of them originating from the first population and one from the second one, however, had a significantly higher grain yield than the corresponding F 1 hybrid in 1 of the 2 years.
In population GW 1992, HCS lines Nos 5 and 2 that exhibited a significantly higher grain yield than the F 1 hybrid in 1 of the 2 years (No. 5 in 1994 and No. 2 in 1995) and a similar yielding ability in the other year, had a similar total milling yield and significantly higher vitreosity, grain length/width ratio, and grain length as compared with the F 1 hybrid. The only exception was line No. 2 whose grain length in 1995 was similar to the hybrid ( Table 2 ). The HCS line No. 1 with a similar grain yield to the F 1 hybrid in both years had a similar total milling yield in both years, similar grain length in 1995 but significantly higher in 1994, and significantly higher grain vitreosity and grain length/width ratio in both years. The HCS line No. 3 that had a similar grain yield to the F 1 hybrid, had significantly higher total milling yield and longer grains than the hybrid in 1994 but similar in 1995, and significantly higher grain vitreosity and grain length/width ratio in both years.
In population GW 2002, the HCS line No. 3 that exhibited a non-significantly higher grain yield than the F 1 hybrid, had similar total milling yield in 1994 and a significantly higher one in 1995, and also significantly higher values than the hybrid for all the other quality traits studied in both years (Table 3 ). The HCS line No. 4 with a similar yield to the F 1 hybrid had similar total milling yield and grain length to the hybrid but significantly higher values for grain vitreosity and grain length/width ratio. The PRS line No. 2 with a similar grain yield to the F 1 hybrid had significantly higher total milling yield in 1994 but similar in 1995, similar grain length, but significantly higher grain vitreosity and grain length/width ratio than the hybrid.
Finally, the F 1 hybrid that significantly outyielded the check cultivar Strymonas had a similar (as compared with Strymonas) milling yield and grain vitreosity in both years, similar grain length in one year (1994) and significantly higher in the other (1995) , and significantly higher grain length/width ratio in both years (Tables 2 and 3) . Similar results had been received in the year 1988 when the F 1 hybrid was evaluated before the beginning of the present work.
Thus, 6 inbred lines (4 from population GW 1992, HCS Nos 1,2,3, and 5, and 2 from population GW 2002, HCS No. 3 and PRS No. 2) were selected from the 2 F 1 hybrids that exhibited equal or higher grain yielding ability than the corresponding hybrid, and they had significantly higher values for more than 1 of the 4 quality traits studied, but they were not inferior to the hybrids for the remaining quality traits. The line HCS No. 5 from population GW 1992 was released in 1999 as a new variety with the name Olympiada. This variety covers about 10% of the cultivated rice area today and yields about 15% more than any other Greek or foreign variety that is cultivated in Greece.
Isolation of inbred lines from F 1 rice hybrids superior for grain yield and other agronomic traits has also been reported by Xiao et al. (1995) . In addition, selection of inbred lines with equal or better yielding ability than the F 1 hybrid has been reported in tomato (Williams 1959; Smardas and Kaltsikes 1988; Christakis and Fasoulas 2001) and in cotton (El-Adi and Miller 1971) . These findings together with the fact that in almost every study of selfpollinated crops, homozygous lines have been developed that equal or surpass the F 1 hybrid (Matzinger 1963) , prompt the question whether the production of hybrid lines in rice is scientifically and economically sound. In trying to answer this question one should consider the level of useful heterosis for yield and quality traits, the potential of it being fixed, and the feasibility and cost of hybrid seed production.
It is well documented today that rice hybrids have a mean yield advantage of about 15% over the best inbred cultivars (He et al. 1987; Yuan 1994; Virmani 1996) . In contrast, they are generally inferior to the best conventional cultivars in the main quality traits such as grain size, vitreosity, milling yield, etc. (Virmani 1999) . This factor alone limits their use in markets with high quality standards. Indeed, introduction of several Chinese hybrids to the USA during the 1980s failed because they did not meet the grain quality standards of the local market due to their low milling yield caused by larger grain size and excessive chalkiness (Bollich et al. 1988) . Similarly, Chinese rice hybrids introduced in Vietnam had poor grain quality that, despite their higher yields, did not increase the farmers' profit (Virmani et al. 1994; Luat et al. 1995) . In addition, hybrid rice cultivation and seed production are labour intensive (He et al. 1988) . It is anticipated, therefore, that the technology will continue to receive serious attention only in those countries where grain quality standards are low and labour is cheap due to high labour/land ratio. As the modernisation of these countries progresses and the labour/land ratio decreases, hybrid rice production is anticipated to become economically less feasible even there. A similar situation has been observed in cotton hybrid seed production (Davis 1978; Roupakias et al. 1998) .
A hybrid rice program would need to be accompanied by a successful program of conventional varietal breeding. This is so because genetic diversity between parents should be combined with adaptability and per se performance of parental lines to result in heterotic hybrids (Virmani 1996) . This, together with the findings of the present study that heterosis is fixable, indicates that the investment in hybrid breeding in rice is not justified either genetically or economically. In contrast, Virmani (1996) , considering the facts that 15-20% standard heterosis is widely observed, seed production technology is available, heterosis is not fixable since only up to 90% of heterosis was recovered in the doubled haploid lines, and the conventional pedigree breeding has not significantly increased rice grain yield during the past 3 decades, concluded that the investment in hybrid breeding in rice is justified both genetically and economically. It is obvious, therefore, that the only single factor that leads to those diametrically opposite conclusions is the fixability of heterosis in rice and the effectiveness of breeding methodology applied in the process of fixation. Xiao et al. (1995) reported that heterosis in rice is mainly due to dominance and partial dominance and therefore it should be fixable. This is supported by our findings after application of HCS and PRS for yield and 4 quality traits in 2 F 2 populations. Indeed, 6 recombinant inbred lines were selected from the 2 F 2 populations that exhibited an equal or higher yielding ability than the corresponding F 1 hybrid, and they had significantly higher values for more than one of the quality traits studied. It is concluded, therefore, that hybrid rice may not be justified as a breeding goal but only as an intermediate step for breeding even better inbred cultivars, unless heterosis in a given population is high, it cannot be fixed, hybrid production costs are low, and quality is not critical for the particular market.
